Clostridium difficile, a common enteric pathogen, mediates tissue damage and intestinal fluid secretion by release of two protein exotoxins: toxin A, an enterotoxin, and toxin B, a cytotoxin. Because toxin A elicits an intense inflammatory reaction in vivo, we studied the effects of highly purified C. difficile toxins on activation of human granulocytes. Toxin A at concentrations of 10(-7) to 10(-6) M, but not toxin B, elicited a significant chemotactic and chemokinetic response by granulocytes that was comparable with that induced by the chemotactic factor N-FMLP (10(-7) M). Neither toxin stimulated release of superoxide anion from granulocytes. Toxin A produced a rapid, transient rise in cytosolic [Ca2+]i, as measured by quin 2 fluorescence. Pertussis toxin and depletion of intra-and extracellular calcium blocked the toxin A effect on cytosolic [Ca2+]i. These findings suggest that the inflammatory effects of C. difficile toxin A in the intestine may be related to its ability to mobilize intracellular Ca2+ and elicit a chemotactic response by granulocytes.
Introduction
Clostridium difficile, the causative agent of antibiotic-associated colitis, produces an enterotoxin, toxin A, and a cytotoxin, toxin B. Toxin A produces secretion of fluid in ligated rabbit ileal loops, and also elicits an acute inflammatory response in the mucosa characterized by granulocyte infiltration, epithelial cell necrosis and ulceration, and hemorrhagic edema (1, 2) . In contrast, purified toxin B does not cause fluid secretion, inflammatory infiltrate, or morphologic damage in rabbit or hamster intestine (1) (2) (3) . The effects of toxin A are not accompanied by elevation of adenylate cyclase (4) , indicating that its mechanism of action differs from, cholera toxin and Escherichia coli heat labile enterotoxin, which stimulate intestinal adenylate cyclase and cause fluid secretion without producing an inflammatory infiltrate (5, 6) .
Granulocytes are activated by various chemotactic factors to migrate to sites of tissue injury and release inflammatory mediators. Chemotactic factors bind to membrane receptors on granulocytes, eliciting a wide range of responses including membrane depolarization (7) , release of intracellular calcium (8) , inositol phospholipid turnover (9) , and protein phosphorylation (10). These signals in turn activate a full range ofgranulocyte responses including chemotaxis, degranulation, and oxygen radical production. To further elucidate the mechanisms of the intestinal inflammatory response in C. difficile colitis, we studied the effects of purified toxins A and B on migration, superoxide anion production, and cytosolic calcium concentration in human granulocytes.
Methods
Toxin purifcation. Toxins A and B were prepared from culture supernatants of C. difficile strain 10463. Toxin B was purified by sequential ion-exchange chromatography as described previously by us (11). Purified toxin B migrated in SDS-PAGE as a 150-kD protein under nonreducing conditions and as a 50-kD protein under reducing conditions. Toxin B cytotoxicity was assayed by rounding of IMR-90 fibroblasts (Institute of Medical Research, Camden, NJ) as previously described (12) and expressed as the highest 10-fold dilution causing rounding after 24-h exposure. Typical preparations of toxin B used in these studies contained between 250 and 1,000 gg/ml protein as measured by BioRad assay (13) and were cytotoxic at 10-6 to 10-8 dilution. Toxin A was purified to homogeneity by the method of Sullivan et al. (14) . Purified toxin A migrated in SDS-PAGE as a 229-kD band.
Toxin A purification was monitored by cell rounding of IMR-90 fibroblasts and enterotoxicity was assayed in rabbit ileal loops (15) .
Granulocyte chemotaxis. Human granulocytes were prepared from 100-200-ml samples ofheparinized blood as described previously (16) . Viability was > 99% as assessed by trytan blue exclusion. More than 99% of cells were granulocytes as determined by 500-cell differential counts. Chemotaxis (directed migration) of granulocytes was performed in a multiwell chemotaxis assembly (Neuro Probe, Bethesda, MD) as described previously by us (17) . Random migration was defined as the distance migrated in microns towards buffer without added chemoattractant, while directed migration was distance migrated toward a chemoattractant. To differentiate between chemokinetic (increased random migration) and cheinotactic (increased directed migration) effects of toxin A, we performed a checkerboard analysis as originally described by Zigmond and Hirsch (18) . In these experiments, varied concentrations of toxin A were added to both upper (granulocytes) and lower (chemoattractant) wells to alter the gradient across the filter.
Superoxide anion production. Superoxide anion production was measured as the superoxide dismutase-inhibitable reduction of fericytochrome c by the method ofBabior et al. (19) . Triplicate samples of 2 X 106 granulocytes were suspended in HBSS containing ferricytochrome c (final concentration, 60 uM). Superoxide dismutase (100 sg/ml) was added to one tube of each triplicate set. After warming to 37°C, the stimulus was added to bring the total volume ofthe reaction mixture to 1 ml. In another series of experiments granulocytes were incubated with 5 gg/ml of cytochalasin B for 5 min at 37°C and then were exposed to the stimulus. The samples were then incubated for 15 min at 370C with gentle agitation. The reactions were halted by rapid centrifugation, and the amount ofreduced indicator in the supernatant was quantitated by its absorption peak at 551 nm. Nonspecific reduc-tion of ferricytochrome c in control tubes containing superoxide dismutase was subtracted from all data.
Free intracellular calciumn. Fluctuations of intracellular calcium concentration were quantitated with the fluorescent probe quin 2 as described previously by us (20) . In some experiments the fluorescent probe Indo-l/acetoxymethyl ester (Molecular Probes Inc., Junction City, OR) was used to determine changes in intracellular Ca2l according to the technique of Lazzari et al. (21) . In some experiments, quin 2-loaded granulocytes (5 X 106/ml) prepared as described above were incubated with 500 ng/ml ofpertussis toxin (List Biochemical Laboratories Inc., Campbell, CA) for 90 min at 370C. After incubation, changes in [Ca2+]i after the addition of toxin A, FMLP, or the antineutrophil monoclonal antibody PMN 7C3 (17) were monitored.
In most experiments, granulocytes were preloaded with quin 2 in HBSS containing a calcium concentration of 1.6 nM. By extrapolation from fluorescence measurements the cells were estimated to have a resting free cytosolic calcium concentration of 110±9 nM (mean±SEM). A population ofgranulocytes that had been depleted of intracellular calcium were prepared by preloading the cells with quin 2 in calcium-free buffer containing 1 mM EGTA. Under these conditions, extracellular calcium is not available to replace intracellular calcium that is chelated by quin 2 (22) . In these preparations of cells, we observed that the intracellular content of quin 2 was the same as that of cells preloaded in HBSS which contained calcium, but that the resting concentration of free calcium was reduced to 16±3 nM (mean±SEM). A total of four separate experiments were performed using three different preparations of purified toxin A. To estimate as to whether toxin A has a cytotoxic effect on human granulocytes, we measured lactate dehydrogenase (LDH)' activity in toxin-exposed granulocytes as indicator of membrane damage. Granulocytes (2.5 X 106 cells) in HBSS buffer were incubated with either purified toxin A (100 og/ml) or no addition (buffer) for 30 nin at 37°C. Cells were then centrifuged for 10 s on a microcentrifuge and supernatants were collected. Cell pellets were then incubated with HBSS buffer containing 1% Triton X-100 at 37°C for 5 min, recentrifuged, and supernatants were recovered.
Enzyme activity was quantitated in 0. l-ml aliquots from both supernatants using a 50-mM pyrophosphate buffer containing 77.5 mM lactic acid and 5.2 mM NAD at pH 8.8 as a substrate (23) . Aliquots were added to 1.4 ml of the reaction mixture substrate, mixed with gentle inversion, and absorbance at 340 nm was recorded at 30-s intervals for 12 min at room temperature utilizing a Beckman spectrophotometer. Results were expressed as percentage release of enzyme units per 2.5 X 106 granulocytes per 30 min±SEM. I U of the LDH activity has been defined as an increase in absorbance of 0.001 per min (23) .
Rebults
Effects ofC. difficile toxins on granulocyte migration. Toxin A elicited significant migration ofhuman granulocytes in vitro at concentrations 2 25 ,g/ml (l0-' M) (Fig. 1) . At higher concentrations (100-200 ug/ml) this effect of toxin A was > 90% of the maximal effect observed with the chemotactic peptide FMLP (10-7 M). Toxin B at similar concentrations elicited an increase in chemotaxis that did not differ significantly from control values. We next performed a checkerboard analysis to differentiate between chemokinetic and chemotactic effects of toxin A. These results are summarized in Table I . As the concentration of toxin A in the lower wells was increased (vertical columns), granulocyte migration increased in a dose-dependent fashion. Reversing the gradient by adding increasing toxin A concentrations in the upper wells (horizontal rows) 1 . Abbreviation used in this paper: LDH, lactate dehydrogenase. quin 2 fluorescence (Fig. 2 A) . This effect became evident within 1-3 s after the addition of the toxin, peaked after 30 s, and returned to pretreatment levels after 2 min. Addition of lower concentrations of toxin A (12 and 6 jug/ml), or of equal volumes of buffer (50 mM Tris, pH 7.4), had no effect on quin 2 fluorescence (Fig. 2 A) . Parallel experiments were performed with the fluorescent Ca2+ probe Indo-l to ascertain if this more sensitive probe would detect changes in free cytosolic calcium at concentrations of toxin below 30 ,g/ml. At a toxin concentration of 15 gg/ml no change in either Indo-1 or quin 2 fluorescence was noted (not shown). Therefore, all subsequent experiments were performed with quin 2.
To determine the source of the calcium released into the cytoplasm by toxin A treatment, we performed experiments in which extracellular or both intra-and extracellular calcium were depleted before addition of 50 ,g toxin A (Fig. 2 B) ,ug/ml toxin A after 1 min (Fig. 2 B , panels a and b).
We next depleted extra-and intracellular calcium by loading granulocytes with quin 2 in calcium-free buffer containing 1 mM EGTA. Under these conditions, the resting intracellular calcium concentration was substantially reduced, to 10-20 nM. Addition oftoxin A (50 Isg/ml) to these cells had no effect on quin 2 fluorescence (Fig. 2 B, panel c) . Repletion ofcalcium by the addition ofcalcium chloride (5 mM) restored the rise in intracellular-free calcium after addition of toxin A (50 tig/ml) (Fig. 2 B, panel d) .
We next determined if the toxin A-associated increase in quin 2 fluorescence was inhibited by pertussis toxin. This toxin causes NAD-dependent ADP-ribosylation of the ai subunit of Gi, one of the guanine regulatory proteins in the adenylate cyclase system (10). As shown in Fig. 3 , the toxin A-induced ,gg/ml; (b) FMLP,10-7 M; and (c) monoclonal anti-granulocyte antibody PMN 7C3, 50 ,g/ml. In the lower panels the granulocytes were preincubated with pertussis toxin, 500 ng/ml, for 90 min before exposure to the same stimulants in the corresponding upper panels.
blocked by prior exposure of granulocytes to 500 ng/ml pertussis toxin for 90 min at 370C (d). As expected (10), the FMLP-induced rise in quin 2 fluorescence was also completely blocked by prior exposure of granulocytes to pertussis toxin (e). However, pretreatment with pertussis toxin had no effect on the expected rise in quin 2 fluorescence produced by exposure of granulocytes to 50 gg/ml of the anti-granulocyte monoclonal antibody PMN 7C3 (f), which stimulates an elevation in [Ca24]i through transduction pathways not coupled to Gi proteins (26, 27 and in buffer-exposed granulocytes (2.69±0.35%).
Discussion
We report here that highly purified toxin A of C. difficile directly activates human granulocytes in vitro, causing a rise in intracellular calcium and stimulating chemotaxis and chemokinesis.
Our results indicate that when purified C. difficile toxin A comes in contact with the human granulocyte surface, a rapid, dose-dependent rise occurs in the concentration of free cytosolic calcium (Fig. 2) (Fig. 2) . Similar amounts of toxin A (60 ,g in 1 ml buffer injected into a 10-cm ileal loop) elicits a profound inflammatory response (33 
